Summary. The disappearance and reappearance of rat liver gap junctions with respect to the time elapsed after partial hepatectomy and the location in the liver acinar zones were analysed immunohistochemically and morphometrically using an affinity purified antibody against the rat liver gap junction protein. The specificity of antibody was assessed by comparing the immunofluorescent staining patterns of rat organs with those obtained with an antibody raised against a synthetic peptide having the partial primary structure of the putative cytoplasmic domain of the gap junction protein. At 20 h after partial hepatectomy, the population density of gap junctions decreased rapidly in the periportal area of the liver acinus. The disappearance of gap junctions progressed from the periportal area toward the central vein. The mean density of gap junctions reached the minimum, about 10% relative to the zero time value, at 48 h after the operation. The reappearance of gap junctions became marked after 72h. No periportal-centrilobular gradient in the distribution of gap junctions was discernible after 96h. The time course of the change in the density of gap junctions was found to take a much longer period than those previously reported. The possible effect of the liver microcirculation on the alteration of gap junctions during the liver regeneration is suggested.
The gap junction is an integrated membrane specialization which permits small molecules to pass into contiguous cells (SPRAY et al., 1988) ; it is believed to play an important role in the regulation of cell development (GUTHRIE, 1987) , proliferation (SHERIDAN, 1987) and transformation (YAMASAKI, 1988) . It is well known that cell-to-cell communication through gap junctions decreases in proliferating (SHERIDAN,1987) or transforming cells (MESNIL et al.,1986; YAMASAKI, 1988) , and in some instances quantitative changes in gap junctions themselves have been reported (YEE and REVEL, 1978; JANSSEN-TIMMEN et al., 1986) .
Since the liver has abundant gap junctions between the hepatocytes and has the ability to regenerate after as much as two-thirds of the organ has been removed, the change in gap junctions during the compensatory liver hyperplasia has intrigued many researchers.
Previous studies using the electron microscopic (YEE and REVEL, 1978; YANCEY et al., 1979; MEYER et al., 1981) and immunobiochemical (TRAUB et al., 1983) methods have concluded that gap junctions decrease markedly during the liver regeneration and recover to the preoperative level within 48 h after partial hepatectomy, suggesting the loss was related to the proliferation of the hepatocytes (DER-MIETZEL et al., 1987a) .
The regeneration of the liver, however, occurs in a wavelike manner within the liver acinus, beginning from the periportal area and progressing toward the centrilobular area, as shown in studies using tritiumthymidine incorporation (GRISHAM, 1962; FABRIKANT, 1967 FABRIKANT, , 1968 RABES, 1978) . This study was interested in the distribution of gap junctions within the regenerating liver acinus with respect to the time after the operation and applied immunohistochemical and morphometric methods for the assessment. 
MATERIALS AND METHODS

Gap junction membranes
Gap junction membranes were purified by the method of HERTZBERG (1984) . As minor modifications, 16, 20 rotors (Hitachi, Tokyo) and SW-27, 40Ti, type 50 rotors (Beckmann, California), were used for the centrifugation alternatively.
Livers from 5 to 10 Sprague-Dawly female rats (Shizuoka Laboratory Animal Center, Hamamatsu) were used per run.
Synthesis of peptide and coupling to carrier protein A dodeca peptide (P229-239: Ser-Arg-Lys-Gly-SerGly-Phe-Gly-His-Arg-Leu-Tyr), having the amino acid sequence of the rat liver gap junction protein deduced from the nucleotide sequence of a cDNA clone (PAUL, 1986; KUMAR and GILULA, 1986 ) and located at a putative cytoplasmic domain, was synthesized with a peptide synthesizer (Applied Biosystems, California). The C-terminal tyrosine was added for a potential coupling purpose.
Twenty two mg of the synthetic peptide, 6.8 mg of ovalbumin and 67.5 mg of 1-methyl-3-(3'-dimethylamino-propyl) carbodiimide were mixed in 6M aqueous urea solution, and left at room temperature overnight in the dark. This was then dialyzed against 150 mM NaCI, with one third used for each immunization.
Immunization
Two rabbits were injected with about 100 pg of gap junction membrane fraction mixed with an equal volume of Freund's complete adjuvant (FCA) on Days 1, 10 and 37 of the experimental period. The ovalbumin-coupled synthetic peptide was mixed with two volumes of FCA and injected into a rabbit on Days 1, 30 and 37. The specificity of antibodies was confirmed by immunoperoxidase staining of electroblotted gap junction membranes using a Konica Immunostaining HRP kit (Konica, Tokyo).
Purification of antibodies
The "27 kDa protein (connexin 32)", was extracted from the gel strips of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; LAEMM -LI,1970) and was coupled to CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, Uppsala) according to the procedure described by the manufacturer. Antisera were applied to the column, washed with phosphate buffered saline (PBS), pH 7.2, and the specifically bound antibodies were eluted with 3 M KSCN, pH 7.5, and dialyzed against PBS. Affinity purification of antibodies against the synthetic peptide was done in the same manner. These antibodies were named anti-gap junction protein (anti-GJP) or anti-synthetic peptide (anti-P229-239) antibodies, respectively.
Partial hepatectomy Three to 4 week old weanling Sprague-Dawley rats weighing 60-80 g were anesthetized with ether after 12 h fasting and two-thirds partial hepatectomy was performed according to the method described by HIGGINS and ANDERSON (1931) . The animals were killed by cervical dislocation and livers were removed every 2 h from 12 to 48 h and every 12 h from 60 to 168 h after partial hepatectomy. All operations were done between 9 a.m. to 12 a.m. to avoid diurnal effects. Samples were taken from several different portions of the remnant liver lobes. They were immediately cut into small pieces, embedded in O.C.T. compound (Miles, Indiana), quickly frozen in a carbon dioxide-acetone freezing mixture and stored at -80t until use. Two to four rats were used for each experiment in addition to a sham operated one. Several organs including the livers of unoperated rats (0 h) and mice were also examined.
Immunohistochemistry
An indirect immunofluorescent method was used to detect gap junctions. In brief, three consecutive 5um sections were prepared from each frozen sample, with two of them then fixed in the cold acetonechloroform (1: 1) mixture for 3 min. After the incubation with anti-GJP or anti-P229-239 antibodies for 1 h at room temperature, the sections were incubated with fluorescein conjugated goat anti-rabbit IgG antibody (Cappel Laboratories, Pennsylvania). Preimmune sera from the corresponding rabbits were used for negative control. All sections were photographed under a fluorescence microscope (Carl Zeiss, Oberkochen) . The third sections were stained with hematoxylin-eosin to assign the blood vessels.
Morphometry
The density of gap junction spots was estimated semi-quantitatively using an image analyzer ARUGUS-100 (Hamamatsu Photonics K. K., Hamamatsu).
The measurement was made on the photographs of sections at 0, 16, 20, 28, 36, 48, 72, 96, 120 and 168h after the operation. For each morphometric analysis 15 photographs were taken of sections stained with anti-GJP antibody. Zero h sections stained with anti-P229-239 antibody were also estimated.
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Three sampling fields, periportal, middle, and centrilobular, were chosen by setting circles (120um in diameter) on the monitor display. The periportal circle was adjacent to the edge of the portal tract and the centrilobular circle was in direct contact with the central vein. The middle circle was set at least 120 um away from both vessels. Only the photographs that showed a sufficient distance (over 360 gm) between two vessels were selected in order to avoid overlapping of circles. A total of 30 circles were scanned to obtain the mean number of gap junction spots wthin the circle and the density was expressed as the spot number per mm2. Student's t test was used for the statistical analysis.
RESULTS
Characterization of antibodies
As shown in Figure 1 : lane C, the gap junction membrane preparation had several minor bands in addition to the two major bands, with molecular weights of 30 kDa and 55 kDa. Since both antisera raised against the gap junction membrane and against the synthetic peptide P229-239 recognized only these major bands (Fig. 1 : lane F and I), the higher molecular weight band might be a dimeric form of the 30 kDa protein as previously hypothesized (HERTZBERG, 1984; PAUL, 1985) . These antisera, however, did not stain the gap junction protein in the crude plasma membrane (Fig. 1: lanes E and H) probably due to the very small amount of gap junction protein present in the membrane fraction. Preimmune sera did not stain the major bands ( Fig. 1: lanes  D and G) .
Immunohistochemical properties of antibodies
Affinity purified antibody against the 30 kDa gap junction protein (anti-GJP antibody) was found to stain numerous punctate spots on the hepatocyte plasma membrane ( Fig. 2A) as reported by others (HERTZBERG, 1984; JANSSEN-TIMMEN et al., 1986; DERMIETZEL et al., 1987a) , and affinity purified anti- body against the synthetic peptide P229-239 (anti-P229-239 body) stained gap junction spots in the same manner (Fig. 2B) . No marked differences were detected in the staining patterns of these antibodies. Fluorescent spots were observed mostly on the contiguous plasma membranes of the hepatocytes in agreement with the results from simultaneous light and electron microscopic observation (DERMIETZEL et al., 1987b) . Pre-immune sera did not stain any spots at all (data not shown).
To study tissue and species specificity, several rat and mouse tissue sections were tested with both antibodies. Although many tiny spots were stained on the plasma membrane of the exocrine pancreas cells just as in the liver, Langerhans islets did not show any specific staining (Fig. 2C, D) . These findings were also in accord with the previous reports (HERTZBERG and SKIBBENS, 1984; DERMIETZEL et al., 1984) . Mouse liver and pancreas had similar staining patterns to those of rat organs (data not shown).
Loss and reappearance of gap junctions after partial hepatectomy
The changes in the number of gap junction spots stained with anti-GJP antibody were examined (Fig.  3) . At 20 h after partial hepatectomy gap junction spots began to disappear in the periportal area (Fig.  3B) . The disappearance of gap junctions progressed toward the central vein, and at 36 h only a few spots were found in the area adjacent to the portal tract (Fig. 3C) . At 48 h the number of gap junctions further decreased (Fig. 3D) . After 72 h gap junctions began to reappear throughout the liver acinus (Fig. 3E) . In most of the rats, the distribution of recovered spots became homogeneous at 168 h (Fig. 3F) . Although tissue samples were taken from at least three different portions of the remnant liver, the staining pattern was quite similar among them. Figures 4A and 4B show the liver sections in the disappearing phase (28 h after partial hepatectomy), stained with anti-GJP or anti-P229-239 antibodies. There was no marked difference between the staining patterns with both antibodies throughout the time course after the operation. Consecutive sections were stained with hematoxylin-eosin for the assignment of blood vessels (Fig. 4C) . Never did any sham-operated animals show any appreciable decrease in the number of gap junctions (Fig. 4D ).
Semi-quantitative estimate of gap junctions
A morphometric semi-quantitative estimate of the density of gap junctions in the livers of partially hepatectomized rats was performed using a high resolution image analyzer as described in the methods section. As shown in Figure 5 , the mean densities of gap junctions in the combined three sample fields, periportal, middle and centrilobular circles, decreased rapidly between 20 and 28 h after the operation, reaching 44% at 28 h and about 13% at 48h, relative to the preoperative value. After 48 h the densities began to again increase and were fully recovered at 168 h after the operation. There was no statistically significant difference between the mean densities at 0 and 168h.
The time courses of changes in the densities of gap junctions in periportal and centrilobular circles are shown in Figure 6 . At 20 h after the operation, the density of gap junction spots in the periportal circle decreased to about 62% of the value at zero time, whereas those in the centrilobular circle decreased with a lag of several hours. After 48 h the difference between the two circles became inconspicuos, though the centrilobular circle tended to show a slightly higher density.
DISCUSSION
Affinity purified antibody against the whole gap junction protein (anti-GJP) and monospecific antibody against the putative cytoplasmic domain of gap junction protein (anti-P229-239) stained the gap junction protein bands on Western blots, and gap junction spots on frozen sections of the rat and mouse liver and exocrine pancreas. The staining pattern was almost identical between two antibodies, which indicated the anti-GJP antibody used in this study to be specific to gap junction protein (connexin 32).
The molecular weight of gap junction protein was estimated to be about 30 kDa in our measurement. This value is larger than that reported in previous studies (DERMIETZEL et al., 1984 (DERMIETZEL et al., , 1987a HERTZBERG, 1984) but smaller than the one (about 32 kDa) calcu- lated from the amino acid composition deduced from cDNAA of gap junction protein (PAUL, 1986; KUMAR and GILULA, 1986) . The difference in the molecular weight may be explained in terms of the extent of the cross-linking in the electrophoretic gels (GREEN et al., 1988) , and the fact that the gap junction protein was not heat-denatured before being subjected to gel electrophoresis.
By employing immunohistochemical and morphometric methods, we confirmed the presence of time-dependent alterations in the density of gap junctions in livers after partial hepatectomy, as reported by others (YEE and REVEL, 1978; YANCEY et al., 1979; TRAUB et al., 1983) . The time point when gap junctions begin to disappear was almost in agreement with previous reports. However, the time course of change in the density of gap junctions, especially in the reappearing phase, took a much longer period than those shown in earlier studies. We found that the density of gap junctions was still decreasing at 48 h after the operation, and recovered to the preoperative level at 168 h (Fig. 5) , whereas previous reports showed gap junctions fully recovered by 48 h in a quantitative immunoblot study (TRAUB et al., 1983 ) and a considerable recovery observed at 44 h in the electron microscopic studies (YEE and REVEL, 1978; YANCEY et al., 1979) .
Although animal age and species are known to affect the course of liver regeneration (BUCHER, 1963) , these factors are unlikely to explain the present differences. If there were very tiny plaques of gap junctions as previously reported by YEE and REVEL (1978) which could only be detected by electron microscopy, we might have overlooked such small gap junction plaques; this might explain the large delay in the recovery we observed. However, their description of large gap junction plaques being recovered to the initial level by 48 h leaves the above question unsettled.
In the light of the observations that the remnant liver requires about 7 days to regain its original weight (BUCHER, 1967) , that DNA synthesis and mitosis of the hepatocytes continue at a slightly elevated level for at least 48 h (GRISHAM, 1962; FABRIKANT, 1967 FABRIKANT, , 1968 RABES, 1978) , and that the serum concentration of alpha-f etoprotein which is related to the hepatocyte differentiation takes longer than 48 h to increase after partial hepatectomy (SELL et al., 1974) , a considerable fraction of the hepatocytes might still remain in a proliferating stage of cell cycle even after 48 h. Since the hepatocytes synthesizing DNA have been proved to lose immunoreactive gap junctions by DERMIETZEL et al. (1987a) , our findings of very slow recovery of gap junctions may be explainable in terms of a prolonged proliferation. In addition, the time courses of changes in the level of some plasma membrane proteins after partial hepatectomy are very similar to or far slower than that of gap junctions found in the present study. Asialoglycoprotein receptors on the cell surface were reduced by 80% at 48 h after the operation, and recovered on the fourth day (HOWARD et al., 1982) , while cell adhesion molecule cell-CAM 105, a membrane glycoprotein, was reported to decrease rapidly after 12 h, reaching the minimum by 72 h, and to increase back to the control level as late as 15 days after the operation (ODIN and OBRINK, 1986) .
The sub-acinar heterogeneity of changes in gap junctions closely resembles that of DNA synthesis and the mitosis of the hepatocytes (GRISHAM, 1962; FABRIKANT, 1967 FABRIKANT, , 1968 RABES, 1978) : gap junctions initially disappeared in the periportal area and the change progressed toward the central vein just as the waves of DNA synthesis and mitosis do in regenerating liver. If the liver regeneration is controlled by a serum factor or factors, such as the hepatocyte growth factor (HGF) purified from the serum of hepatectomized rats by NAKAMURA et al. (1984) , it may be reasonable to assume that the cell division is initiated in the hepatocytes first stimulated. Since blood flow in the liver acinus spreads from the portal vein through sinusoid toward the central vein, it is understandable that DNA synthesis, mitosis and the disappearance of gap junctions start from the periportal area.
In the course of the present study we were puzzled to find a small number of the heptocytes present in direct contact with the portal tract and remaining gap junctions during compensatory growth, while gap junctions in the rest of the acinus had disappeared. This heterogeneity might be explained in terms of the poor microcirculation in this "secluded" area as supposed by RAPPAPORT (1980) . This argument also supports the assumption that liver regeneration is cotrolled by a serum factor or factors.
Although we had expected that the reappearance of gap junctions would be initiated in the periportal area and spread toward the central vein as did their disappearance, a plausible assumption if the recovery of gap junctions was also controlled by a serum factor or factors, the results were in discord with this notion. As the reappearance occurred without subacinar heterogeneity, it is interesting to speculate that once the cell division cycle is completed, the cell-to-cell communication is randomly re-established and the re-organization of new acini proceeds en bloc.
